Arguments against recent claims (Erkelens,
Introduction
To judge the visual directions of objects a center or origin like that of a polar coordinate system in plane geometry is required. The concept of this origin is both a logical and a functional necessity, not only for judging the direction of one object with respect to another (a relative direction task), but also for judging the direction of objects with respect to oneself (an absolute direction task). Over the years this origin has been referred to, amongst other things, as the binoculus, the egocenter, the double eye, the projection center, the center of visual direction, and the cyclopean eye. In this letter, we use the term 'cyclopean eye'.
Recently, Mansfield and Legge (1996) claimed that the cyclopean eye wanders along the interocular axis. Banks, van Ee, and Backus (1997) , immediately responded with the argument that since Mansfield and Legge used a relative direction task their data do not bear upon the location of the cyclopean eye. We agree fully with Banks et al.'s critique; however, an extension of their argument is required for several reasons.
Firstly, Mansfield and Legge are not the only investigators to inadvertently make claims about the location of the cyclopean eye based upon a relative direction task. For example, Erkelens, Muijs and van Ee (1996) also claimed, based upon a relative direction task, that the cyclopean eye is not fixed and then used this idea in the context of what they called 'capture of monocular visual direction' (Erkelens & van Ee, 1997) . Secondly, Mansfield and Legge's (1997) response to Banks et al. introduced a confusion between physical and perceptual descriptions of visual direction. Thirdly, although the theoretical implications of a wandering cyclopean eye are interesting, Erkelens et al.'s data are explainable without postulating that the cyclopean eye is a wanderer.
Visual direction task confusion revisited 2
As evidenced by a common misconception in the 2 For definitions of 'relative direction' and 'absolute direction', see Cline, Hofstetter and Griffin (1989), pp. 190 -191 . We chose the term 'relative', rather than 'oculocentric' or 'alignment', to avoid the implication that the cyclopean eye is located in an eye. We chose the term 'absolute', rather than 'egocentric', 'headcentric', or 'bodycentric', so as to parallel and contrast the term 'relative'. ocular dominance literature, it is incorrect to assume that the cyclopean eye coincides with the location on the face to which two perceptually aligned objects physically point. In the Card Test, for example, an observer is asked to sight an object that can be seen with only one eye, through a hole in a card, (i.e. he/she is asked to perform the relative direction task of aligning the hole with the object), and it is inferred that the dominant eye is the center from which the visual directions are judged (Parson, 1924; Sheard, 1926; Walls, 1951; Rubin & Walls, 1969; Porac & Coren, 1981) . The data from our laboratory, obtained from observers pointing with unseen hand, (an absolute direction task), clearly show that this inference is incorrect (Ono & Barbeito, 1982) . These data are shown in Fig. 1 , together with Hering's well known demonstration of the law of identical visual direction.
The data and the demonstration presented in Fig. 1 indicate that objects which are physically collinear with respect to an eye, appear collinear with respect to the centrally located cyclopean eye. Ono and Barbeito (1982) asked observers to report the absolute direction of a perceptually aligned hole and target by pointing with unseen hand under a table. They found that the line passing through these two perceived locations did not pass through the eye to which they were physically aligned, but rather it passed through a point approximately midway between the eyes. Similarly, in Hering's demonstration a perceptually aligned marker and tree (or chimney) appeared straight ahead of the nose when the marker was fixated. These findings clearly show that the center from which visual directions are judged (i.e. the cyclopean eye) is located approximately midway between the eyes. Moreover, they demonstrate that inferences about the location of the cyclopean eye cannot be based on observers' reports that two visible objects appear aligned (a relative direction task). To make inferences about the location of the cyclopean eye, observers must report where the objects appear with respect to themselves (i.e. they must perform an absolute direction task such as pointing with unseen hand).
The inferences made by Legge (1996, 1997) and Erkelens et al. (1996) are analogous to the inferences made about the dominant eye. Mansfield and Legge (1997) claimed, that since their stimuli were physically aligned to the point positioned between the midpoint of the interocular axis and one of the eyes, the 'effective viewpoint' moved to that location. Similarly, Erkelens et al. claimed , that since the edge of the binocularly seen near surface and the edge of the monocularly seen area appeared aligned when they were physically aligned to one eye, the cyclopean eye wandered to that eye. Neither of these claims can be made based on their data.
If Mansfield and Legge (1996) had measured the absolute directions of the five stimuli in Figure 6 of their paper, an inference about the location of the cyclopean eye could be made. For example, if the five points had the same absolute visual direction, then the line passing through them would also pass through the cyclopean eye. Such an inference would be the same as in Howard and Templeton's (1966) method in which two points, presented successively, and judged to have the same absolute direction, are thought to point to the cyclopean eye.
Likewise, if Erkelens et al. (1996) had measured the absolute direction of relevant points, an inference would be possible. Such an inference would be the same as in the Roelofs' (1959) method in which two stimuli are made objectively collinear to one eye, and observers are asked to indicate where on their face the imaginary Fig. 1 . Illustration of the experimental stimuli and the results from Ono and Barbeito (1982) . The results are superimposed on Hering's demonstration of the law of identical visual direction to show that they are congruous with the well known phenomenon that stimuli on a visual axis appear on the common axis (i.e. the line which passes through the intersection of the two visual axes and the cyclopean eye). The card and the targets were located at 25 and 50 cm, respectively. Observers indicated the apparent location of the target by moving the handle of a slider under the table with unseen hand. Adapted from Ono and Barbeito (1982) . line passing through the stimuli appears to point. This location on the face defines the position of the cyclopean eye. (For other methods of measuring the position of the cyclopean eye see, for example Howard & Templeton, 1966; Mitson, Ono & Barbeito, 1976; Barbeito & Ono, 1979) .
Physical versus perceptual descriptions of visual direction
To address Mansfield and Legge's (1997) response to Banks et al. (1997) and to elaborate on Erkelens et al.'s (1996) claim of a non-fixed cyclopean eye, we present a distinction between the 'eye's view', the 'camera view', and the 'cyclopean view'. (See Ono & Lillakas, 1997; Ono, Ohtsuka & Lillakas, 1998) . Within each of these views, the directional lines of objects in the visible field intersect at a point analogous to the origin of a polar coordinate system. For the eye's view this point is the nodal point of the eye, and for both the camera view and the cyclopean view it is the midpoint between the eyes on the Vieth-Mü ller horopter. The term eye's view describes the direction of the elements in the visual field which are visible to only the left eye or only the right eye. The term camera view describes the direction of the elements in the visual field which would be contained in a photograph taken by a camera positioned midway between the eyes. The term cyclopean view describes the total set of visual directions of the elements visible to the left eye, the right eye, or both eyes, (i.e. the two eye's views), which are transferred to a fixed cyclopean eye midway between the eyes. Mansfield and Legge (1997) Mansfield and Legge, in their response to Banks et al. (1997) , made a distinction between the cyclopean eye and what they called the effective viewpoint. From their discussion, however, it appears that they confounded these ideas. For example, they define effective viewpoint as ''the physical location from which objects are viewed' ' (p. 1611 ). This definition is analogous to our definition of the eye's view and implies to us either one or the other of the two physical eyes. Yet, they claim that their data indicate that the effective viewpoint moved to a location closer to the eye viewing the higher contrast image. This claim indicates to us that they have confounded the effective viewpoint (a physical vantage point), with the cyclopean eye (a perceptual vantage point). Therefore, their claim that the effective viewpoint moves, is no different than their original claim (Mansfield & Legge, 1996) that the cyclopean eye moves, and, as such, it is subject to all the same criticisms discussed by Banks et al. Mansfield and Legge's (1996) interesting conclusion, namely, relative direction is affected by interocular contrast-ratios, does not require the assumption of a non-fixed cyclopean eye. Indeed, postulating that the cyclopean eye wanders to the location collinear with the perceptually aligned targets precludes Legge (1996, 1997) from concluding that their targets appeared in different visual directions. This idea is best understood by thinking of the cyclopean eye as the origin of a polar coordinate system. In such a system, any two points which are connected to the origin by a single straight line share a common directional value. Conversely, any two points which are not connected to the origin by a single straight line differ in directional value. Moreover, regardless of the locus of the origin, if two points and the origin fall on a single straight line then, by definition, the two points share a common directional value with respect to the origin. How these ideas apply to Mansfield and Legge's argument is presented below.
How this distinction applies to

Given this distinction, it is clear that
Consider two equal-contrast targets presented, one above the other, at different stereoscopic depths. It is widely accepted that such targets appear in the same visual direction (i.e. the two perceived targets and the cyclopean eye (the origin) fall on a single visual direction line). If one of the equal-contrast targets is replaced with a mixed-contrast target, then, as reported by Mansfield and Legge (1996) , the two targets no longer appear aligned. In other words, the two perceived targets and the cyclopean eye (the origin) no longer fall on a single visual direction line and, therefore, the targets appear in two different visual directions. It is true, however, that the two perceived targets and the effective viewpoint, as defined by Mansfield and Legge (1997) , fall on a single line. By postulating that the effective viewpoint is the origin or the center of visual direction, Legge (1996, 1997) must conclude that the two targets have the same visual direction (i.e. the two targets and the effective viewpoint (the origin) fall on a single visual direction line). Thus, Legge (1996, 1997) cannot conclude that their targets were seen in different visual directions if they simultaneously claim that the cyclopean eye wandered to the position collinear with the two perceived targets. Erkelens et al. (1996) (e) is contained in the right eye's view, but not in the camera view. Also, note that in the right eye's view, point (d) is physically Fig. 2 . Illustration of the two eyes view's, the camera view, and the cyclopean view for Erkelens et al.'s (1996) stimulus. In the cyclopean view, point (d) is displaced rightward to (d%) as was the left target in Fig. 1 , and the area (d) to (g) shrinks to fit into the area (d%) to (g%). This compression is indicated by the distance between (d%) and (g%) being smaller than the distance between (d) and (g). Note that similar displacements and compressions occur in the areas seen monocularly by the left eye, but to simplify the figure they are not illustrated.
How this distinction applies to
aligned with the right edge of the near surface. The basis of Erkelens et al.'s argument is that, since point (d), which is not in the camera view, and the right edge of the near surface are judged to be collinear, the cyclopean eye must move to the right eye when making this judgement. To counter this idea, however, note that point (d) is conceptually equivalent to the target seen through the hole in the card in Fig. 1 . That is, point (d) is not in the camera view just as the left target would not be in the stimulus situation depicted in Fig.  1 . Therefore, if we were to apply Erkelens et al.'s idea to the stimulus in Fig. 1 , we must argue for a wandering cyclopean eye for that stimulus also. In contrast, if we were to apply Hering's law to predict the apparent direction of (d) when fixation is on the near surface, we must argue that (d) is displaced to (d%) and seen from the fixed cyclopean eye as shown in Panel C. In this interpretation, one need not postulate a wandering cyclopean eye.
Visual direction with a fixed cyclopean eye
Although Fig. 2 shows that there is no need to postulate that the cyclopean eye wanders, it also illustrates that Hering's idea of cyclopean projections is inadequate (see Ohtsuka, Kawanura & Kosugi, 1990; Erkelens & Grind, 1994; Grind, Erkelens & Laan, 1995; Ohtsuka, 1995b; Ono & Lillakas, 1997) . The inadequacy is that the visual angle subtended by the monocularly seen areas (depicted in Fig. 2) is too large to fit into the cyclopean view, if the areas seen binocularly are perceived correctly, as stated in Hering's laws of visual direction. For this angle to fit, the monocular area labeled (d) to (f) in Panel A of Fig. 2 must fit into the area labeled (e) to (f) in Panel B, which it obviously cannot. One possible solution is to discard the area labeled (d) to (e) in the right eye's view from the cyclopean view, which has the advantage that the visual directions of the binocular areas are perceived correctly, as in the camera view. However, the visual system does not employ this solution because, as discussed above and as reported in the literature (e.g. Erkelens et al., 1996; Ono & Lillakas, 1997; Ono et al., 1998) all of the monocular areas are seen.
How does the visual system solve this problem? One hypothesis is that the eye's views are seen in their entirety, but some areas in the non-fixated plane are displaced and compressed. (To adjust for the consequences of this displacement and compression, namely, misalignment of lines and deformation of shape, the visual system has a 'correcting' mechanism which is triggered by the pictorial cue of occlusion. (See Ohtsuka & Yano, 1994; Ohtsuka, 1995b for a discussion). The predictions from this hypothesis, when the near surface is fixated, are illustrated in Panel C of Fig. 2 . Evidence of displacement of a monocular area on a non-fixated plane has been available for nearly two millennia 3 , and evidence for compression in non-fixated areas, is now available (Ohtsuka & Yano, 1994; Ohtsuka, 1995a; Ono & Lillakas, 1997; . Erkelens et al. (1996) suggested a hypothesis similar to this one but then, without controlling for fixation, argued that it is more likely that the following two suggestions are true: (a) ''binocular space perception near monocularly occluded areas is veridical'' and (b) ''the cyclopean eye does not have a fixed position in the head...'' (p. 2145). To make suggestion (a), they must employ an absolute direction task with fixation control, as used to collect the data presented in Fig. 1 . Hering's laws of visual direction predict veridical visual direction for the far surface when the intersection of the visual axes is on it, without assuming that the cyclopean eye has shifted to one of the eyes. Therefore, suggestion (a) may be correct when fixation is on the far surface. When fixation is on the far surface, however, there is a compression of the near surface (Ohtsuka, 1995a; Ono et al., 1998) . To make suggestion (b), they must also employ an absolute direction task, not a relative direction task.
Summary and conclusion
The analyses presented in this letter show that neither Legge's (1996, 1997) nor Erkelens et al.'s (1996) data are sufficient to conclude that the cyclopean eye is a wanderer. Moreover, our analyses show that their data are explainable without the assumption of a wandering cyclopean eye. Given that the cyclopean eye shifts in monocularly enucleated people (e.g. Dengis, Steinbach, Goltz & Stager, 1993; Dengis, Simpson, Steinbach & Ono, 1998; Moidell, Steinbach & Ono, 1988) , and that there are individual differences in its position in binocular people (e.g. Barbeito, 1981; Barbeito & Simpson, 1991) , the claim that its position is stimulus specific is both conceivable and worthy of consideration. However, the theoretical implications of a fixed, non-central cyclopean eye differ from those of a stimulus specific, wandering cyclopean eye. With a fixed cyclopean eye, be it located centrally or non-centrally, the origin about which all visual directions are specified remains fixed. With a wandering cyclopean eye the origin changes with every change in stimulus situation and, therefore, the directions of objects with respect to the observer must be recalibrated continually. Thus, if one postulates a wandering cyclopean eye, one need also specify how this recalibration of visual space is accomplished. Based on the arguments presented in this letter, however, there is no need to speculate on how this recalibration is accomplished, because to date there are no compelling data to suggest that the cyclopean eye is a wanderer.
